IMPORTANCE After long-duration spaceflight, morphological changes in the optic nerve head (ONH) and surrounding tissues have been reported. OBJECTIVE To develop methods to quantify ONH and surrounding tissue changes using preflight and postflight optical coherence tomographic scans of the ONH region. DESIGN, SETTING, AND PARTICIPANTS Two separate analyses were done on retrospective data, with the first comparing a preflight group with a control group, followed by preflight to postflight analysis. All astronaut data were collected on the same instrument and maintained by the National Aeronautics and Space Administration (NASA) Lifetime Surveillance of Astronaut Health. Control data were all collected at the University of Houston. Participants were 15 astronauts who had previously been on an approximately 6-month long-duration mission and had associated preflight and postflight ONH scans. The control group consisted of 43 individuals with no history of ocular pathology or microgravity exposure. Development of algorithms and data analysis were performed between 2012 and 2015.
S everal physiological changes and pathological risks are known to occur with space travel and prolonged exposure to microgravity environments. These include loss of bone and muscle mass and cardiovascular changes, such as fluid shifts, changes in total blood volume, heartbeat and heart rhythm irregularities, and diminished aerobic capacity [1] [2] [3] [4] [5] Because vision is important for both health and mission purposes, it has been investigated since the Gemini missions and has gained increased interest with longer-duration missions. 6, 7 Although significant vision changes are typically not noted with short-duration missions, longer-duration microgravity exposures have been associated with alterations in both visual acuity and ocular health. 8, 9 In a National Aeronautics and Space Administration (NASA) survey of 300 astronauts, 23% of short-flight and 49% of long-duration astronauts reported vision changes consistent with a hyperopic shift. 8 Along with changes in refractive error, varying degrees of disc edema, globe flattening, choroidal folds, and cottonwool spots have also been reported. 8 In addition, a clinical case report suggests that some of these clinical findings might be recurrent in nature. 10 Although the exact etiology remains unknown, it is hypothesized that the changes seen in astronauts are a result of microgravity-associated orbital and cranial cephalad fluid shifts. Because fluid shifts and venous stasis can result in elevated intracranial pressure (ICP) and because the clinical presentation has many similarities to that of pseudotumor cerebri, the ocular findings were previously described as visual impairment and ICP syndrome. 11, 12 However, as the role of ICP remains unclear, the syndrome has since been renamed spaceflight-associated neuro-ocular syndrome. 13, 14 Because optic nerve pathology could result in irreversible vision loss, it has been a concern for long-duration missions (eg, 6-month International Space Station missions). The clinical standard for assessing disc edema has been the modified Frisén grading system, either quantified from dilated indirect evaluation or fundus photography of the optic nerve head (ONH). 15 Although an invaluable measure, this grading system is subjective and ordinal in nature. 16 Optical coherence tomography (OCT) technology has had a significant influence on quantifying disc edema because it provides additional axial information from which retinal nerve fiber layer (RNFL) and total retinal thickness (TRT) measures can be quantified. In early studies using time-domain OCT, circumpapillary RNFL and TRT thickness was shown to relate well to the Frisén Scale. 15 Subsequently, with spectral-domain volume scans, TRT measures at or proximal to the disc were shown to be sensitive to mild disc edema that had not reached the RNFL sampling at 1.73 mm from the disc center. [17] [18] [19] In addition, OCT imaging has been used to visualize and quantify the deflection of the retinal pigment epithelium (RPE) that occurs with increased ICP and its resolution, thereby providing important information on the etiology of the disc edema. 20 , 21 The objective of this study was to assess OCT-quantified morphological changes in astronauts who have been on longduration missions, building on existing techniques used to assess the ONH.
Methods

Participants
Two separate data sets were used for analysis, one from the current astronaut corps and the second from a healthy group of individuals who had not been exposed to microgravity. In this retrospective study, there were 15 NASA astronauts with preflight and postflight OCT ONH clinical scans after an approximately 6-month long-duration mission. To maintain confidentiality, the NASA Lifetime Surveillance of Astronaut Health provided us only deidentified OCT, postflight optical biometry data, as well as the number of days after landing that testing was done, which met NASA's institutional review board requirement for waiver of consent. Mission length, age at testing, time before launch for preflight test, and previous time in space are attributable and were only provided in a summary format. To determine if there were any preexisting morphological changes from previous missions, the preflight data were compared with healthy eyes that had no microgravity exposure. This sample included 43 individuals (mean [SD] age, 33.4 [13.3] years) with no history of ocular pathology or microgravity exposure and less than 5 diopters of emmetropia who were recruited from the patients, students, or staff at the University of Houston University Eye Institute. All data were collected retrospectively. Development of algorithms and data analysis were performed between 2012 and 2015. The procedures for data collection and analysis were reviewed by the University of Houston committee for protection of human participants for the healthy nonastronaut sample and by NASA's institutional review board for all aspects that included astronaut data.
Optical Coherence Tomography
The OCT scan analyzed was the 200 × 200 optic disc cube scan acquired using a Cirrus HD-OCT instrument (Carl Zeiss Meditec). Only scans with a quality exceeding 7 of 10 and that were complete with minimal instrument algorithm segmentation error were used for data analysis. The OCT reflectance data and corresponding instrument-determined TRT and RNFL thickness measures were exported (img and advanced export; Cirrus HD-OCT) and subsequently read into MATLAB (MathWorks). The OCT scans from healthy control and astronaut data were randomized, and we subjectively evaluated each volume for choroidal folds, graded as either being present or absent. Before OCT thickness data were quantified, transverse scaling for each eye was computed using an individualized 3-surface schematic eye, incorporating optical biometry data collected with the IOL Master (Carl Zeiss Meditec). Methods for scaling have been described previously.
22-24 There were 3 astronauts for whom optical biometry data were not available, and an emmetropic eye was assumed for these individuals. All B-scans had a total depth of 2 mm, corresponding to an axial scaling of 1.95 μm per pixel or 2 mm per 1024 pixels. For peripapillary and ONH morphological quantification, the Bruch membrane opening (BMO) was used as a reference. The BMO was manually marked on each of 12 equally spaced radial scans through the center of the ONH that were interpolated from the 200 × 200 OCT volume data. The BMO area was quantified using a best-fit ellipse to the marked points on the radial scans. In addition, the position of the RPE, 2 mm from the center of the ONH, was marked and used to calculate the perpendicular BMO height (Figure 1) .
Exported OCT data included .dat files containing A-scanspecific thickness measures for TRT and RNFL thickness for the 200 × 200 region scanned. Using the BMO as a reference, TRT and RNFL mean and quadrant thickness measures were calculated for the region within the BMO and for the following 4 elliptical annuli: (1) BMO to 250 μm, (2) 250 to 500 μm, (3) 500 to 1000 μm, and (4) 1000 to 1500 μm ( Figure 2A) . The mean and quadrant values calculated based on the clinical standard circular scan path, 1.73 mm in radius, centered on the ONH were also evaluated. An interpolated B-scan from this circular scan path was compensated 25, 26 to visualize the choroid sclera border, which was manually delineated and used to calculate the mean and quadrant choroidal thickness ( Figure 2B and eFigure in the Supplement).
Statistical Analysis
Because microgravity-associated ocular changes are commonly asymmetric in nature and because there are differences in the shape, position, and size of the ONH of the 2 eyes, both eyes were included for data analysis. 27 As there are a small number of astronauts and the measures are not normally distributed, nonparametric statistics were used (Mann-Whitney test) to compare the health controls and preflight astronaut groups. Paired t tests, with nonparametric assumptions (Wilcoxon matched-pairs signed rank test), were used for statistical analysis of preflight vs postflight astronaut data. For differences between groups, medians with 95% CIs are presented. The P value for significance was adjusted to 2-sided P < .01 for all TRT and RNFL statistics to account for multiple comparisons made for each annulus (global and 4 sectoral measures, equaling 5 comparisons). For all other measures (ie, BMO height and BMO area), 2-sided P < .05 was used.
Results
At the start of the study, there were 33 NASA International Space Station astronauts, 15 (mean [SD] age at preflight evaluation, 48.7 [4.0] years) of whom had preflight and postflight OCT scans after a long-duration mission. To maintain confidentiality of participants, we were provided only the raw scans as described in the Methods section, with certain aspects provided in summary format (eTable 1 in the Supplement). The preflight scans were collected between 277 and 28 days before launch (mean [SD], 151 [138] days; median, 106 days). The postflight scans were collected between 2 and 18 days after landing, with most scans acquired in the first week (mean, 5.87 days; median, 5 days). Scans from 43 healthy controls with no previous microgravity exposure were used. Of these, 36 right eyes and 33 left eyes met the inclusion criteria. Excluded eyes had either eye movement artifact or segmentation error.
Healthy Controls vs Preflight Astronaut Group
Eight of 30 preflight scans (27%) from 6 of 15 participants (40%) had signs of choroidal folds, while no folds were detected on the healthy control OCT volume scans. The median BMO area in the healthy controls was 1.71 mm 2 and was not statistically different than that from preflight data (median, 1.69 mm 2 ) (95% CI of difference, −0.31 to 0.01 mm 2 ; P = .06). However, in the astronaut group, the BMO height was posteriorly positioned (median, −140.0 μm) compared with the control group (median, −113.7 μm) (95% CI of difference, −53.0 to 7.3 μm; P =.01) ( Figure 1B) .
The global RNFL thickness using a standard 1.73-mmradius circular scan centered on the ONH was similar between the preflight group (median, 93.2 μm) and control group (median, 91.1 μm) (95% CI of difference, −4.1 to 4.8 μm; P = .90). Based on quadrant analysis, the nasal RNFL sector in the preflight group was thicker than that in healthy controls (95% CI of difference, 1.4-11.8 μm; P = .01) (eTable 2 in the Supplement). The global circumpapillary choroidal thickness was greater in the preflight astronaut group (median, 238.5 μm) but was not statistically different from that of the control group (median, 230.2 μm) (95% CI of difference, −6.1 to 46.0 μm; P = .15).
The mean preflight TRT confined to the BMO was not different compared with that of the healthy control group (median preflight, 229.2 μm and median control, 195.2 μm; P = .24). However, for the 2 annuli closest to the BMO (BMO to 250 μm and 250-500 μm), the mean thickness measure was significantly greater in the preflight scans ( Figure 3A , eTable 3 in the Supplement for the mean annuli, and eTable 4 in the Supplement for the mean sectors). It was expected that the same pattern would be noted for RNFL annuli thickness analysis, but there was no statistical difference between global RNFL measures in any of the annuli between the 2 groups ( Figure 3B and eTable 3 in the Supplement). The standard circumpapillary circular scan path will overlap 1 of the 2 outer annuli, depending on the size of the ONH; hence, these 2 analyses should have similar findings. For example, similar to circumpapillary scans, the RNFL thickness of the 500 to 1000 μm annulus nasal quadrant in the preflight data (median, 87.6 μm) was greater than that in the control group (median, 81.6 μm); however, this did not reach statistical significance (95% CI of difference, −12.4 to 0.1 μm; P = .049). Similarly, for the temporal sector, although the RNFL thickness was thinner in the preflight group compared with controls, it did not reach statistical significance (preflight median temporal thickness at 500-1000 μm annulus, 63.7 μm and control, 68.9 μm; P = .02).
Preflight vs Postflight OCT Analysis
Of the 30 postflight scans, 10 additional eyes to the 8 noted preflight (total of 18 eyes in 11 of 15 participants) had choroidal folds on OCT volume analysis. There was a median increase in BMO area of 0.09 mm 2 (95% CI of difference, 0.03-0.23 mm 2 ; P < .01) that was not related to changes in ocular magnification from refractive error change, as determined through methods of image registration. 24 There was a posterior shift in BMO position as quantified by BMO height (median change, −9.9 μm; 95% CI of difference, −16.3 to 3.7 μm; P = .03), and this change in position was not related to the change in BMO size (slope, −35.1 μm BMO height/mm 2 BMO area; R 2 = 0.02, P = .42).
Global circumpapillary RNFL thickness was greater in the postflight scans (median change, 2.9 μm; 95% CI of difference, 1.1-4.4 μm; P < .01), with the inferior RNFL quadrant having the largest increase (median change, 5.3 μm; 95% CI of difference, 3.1-11.3 μm; P < .01) ( Table 1) . Although global choroidal thickness was greater postflight (median change, 9.3 μm; 95% CI of difference, −12.1 to 19.6 μm), it was not statistically significant (P = .66) ( Table 1) . Because fluid shifts are a proposed mechanism for ocular changes, 28 the association between change in choroidal and RNFL thickness was also investigated. Although there is variability in these 2 measures, the preflight to postflight thickness difference for global choroidal thickness and RNFL thickness was linearly related (slope, 0.08 μm RNFL/μm choroid; R 2 = 0.25, P < .01). Because a change in BMO area could be from ONH edema causing physical enlargement of this region or decreased visualization of the margins, the association between BMO area and RNFL thickness was also investigated. There was also an association between the change in BMO size and RNFL thickness (slope, 31.6 μm/mm 2 ; R 2 = 0.34, P < .01), but no association was found between change in choroidal thickness and BMO size (slope, 99.34 μm/mm 2 ; R 2 = 0.08, P = .13). Global TRT measures within the BMO and for annuli up to 1000 μm were significantly thicker for postflight scans ( Table 2 and Figure 3C ), as were measures of the superior, inferior, and nasal quadrants (eTable 5 in the Supplement). The thickness change in the temporal quadrant was only significant for regions 500 μm from the BMO. Although instrument output provides RNFL data inside the region of the BMO, the ONH has no other retinal layers, and the TRT best describes the axonal content of this region. Unlike TRT, RNFL annular measures were only significant up to 500 μm from the BMO (Table 2 and Figure 3D ). However, similar to TRT, the increase in these annular regions was significant in the superior, inferior, and nasal quadrants (eTable 6 in the Supplement).
Discussion
The findings of this study show that in individuals exposed to long-duration microgravity there is a change in the position of the BMO, an increase in retinal thickness that is more pronounced closer to the ONH rim margin, and an increase in the proportion of eyes with choroidal folds. Because most astronauts included in this study had previous spaceflight experience, the preflight data were first compared with healthy controls before comparisons with postflight scans. The results of these investigations suggest that, although there may be resolution of structural changes, there can be long-term ocular anatomical changes after extended-duration spaceflight.
In patients with disc edema, there is reported correspondence between RNFL and TRT from standard circular scans and Frisén Scale grade. 15 However, in the astronauts studied, the preflight global circumpapillary RNFL thickness data were not different from those of healthy controls, and only a modest increase in global RNFL thickness was seen postflight. This is similar to mild cases of disc edema, where anatomical changes at the ONH might be visible, but edema has typically not spread to regions sampled by the circumpapillary RNFL scan. For the Cirrus HD-OCT system, the circumpapillary RNFL thickness is derived from a volumetric scan. The instrument algorithm segments both the RNFL and TRT for the 200 × 200 A-scan volume; in fact, total volume data have been shown to relate well with disc edema severity. 29 In addition, TRT measures at the ONH or in the immediate peripapillary retina have also been proposed. 17, 19, 30 Hence, to gain a better understanding of the regional change in thickness, custom algorithms were developed to analyze the volume scans to quantify both RNFL thickness and TRT measures at and immediately adjacent to the ONH. Using elliptical annular regions, the global RNFL thickness was not significantly different for preflight measures compared with controls at any eccentricity. Similar to circumpapillary scans, the nasal sector of the 500 to less than 1000 μm RNFL annulus was thicker in preflight than for healthy controls. Although statistical significance was not reached, this nasal sector for preflight data was thicker for each of the 3 annuli compared with healthy controls. Similarly, the median RNFL thickness for the temporal quadrant was thinner for preflight scans. These results suggest that there is possible residual edema of the RNFL, with potential thinning in astronauts who have previously been exposed to microgravity environments. This is also supported by TRT data from the same annuli, where global thickness measures are thicker up to 500 μm from the BMO, and the median thickness is greater than that of controls for all quadrants up to 1000 μm.
After long-duration microgravity exposure, there was an increase in circumpapillary RNFL and annular global RNFL thickness and TRT measures. Increases in tissue thickness were greater closer to the BMO than at more distal annular locations. In addition, there were more eyes with choroidal folds postflight. Although ICP was not provided for any individual in the present study, the findings correspond to those often seen in patients with papilledema, suggesting elevated ICP as a potential cause.
31-33 However, there are also differences between disc edema from pseudotumor cerebri and what is seen in astronauts. Specifically, terrestrial patients often have reports of headaches, tinnitus, or diplopia; while astronauts report mild headaches, these are typically not severe enough to interrupt mission activities. 9 In addition, there are anatomical OCT differences between these 2 groups. In terrestrial patients with increased ICP, the translaminar pressure gradient results in a bowing of the RPE and Bruch membrane (BM) of the ONH toward the vitreous body. Hence, the RPE/BM angle is useful for both diagnosis and monitoring of therapeutic intervention. 19, 20, 30 For the astronaut preflight scans, the BMO height, which corresponds to the height component of the BM angle, was recessed compared with controls and further decreased after microgravity exposure. This suggests that the optic nerve was exposed to a translaminar pressure gradient that favored increased cupping. However, while a transient increase in intraocular pressure is noted immediately after entry into microgravity, for most of the time in microgravity, intraocular pressure is similar to that on the ground. 8, 34, 35 With return to the ground, hydrostatic draining would be regained fairly rapidly, as is supported by early fluid shift experiments, in which calf muscle circumference started to increase immediately after return. 36 If ICP is a contributing factor, the rapid change in fluid shifts, and therefore ICP, could explain the observed changes in BMO height. Similarly, there was no difference between preflight and postflight choroidal thickness, which could be due to the regaining of hydrostatic pressure, although there were more eyes with choroidal folds. Overall, these observations warrant biomechanical modeling to understand the morphological changes seen.
Limitations
This study had several limitations. Although all available astronauts' preflight and postflight Cirrus HD-OCT scans of the ONH were included, the sample size was small. Many of the astronauts had been on previous missions, and time from the previous mission or total microgravity exposure was not accounted for. In addition, factors like age, sex, diet, and metabolism were not investigated in the present study. Finally, while high-quality scans were typically obtained, they had not been optimized for choroid quantification at the time of capture.
Conclusions
Although there are some similarities of spaceflightassociated neuro-ocular syndrome with pseudotumor cerebri, the exact pathophysiology remains unknown. 14 The changes in RNFL thickness and TRT are similar to those that would be expected with elevated ICP. However, the changes in BMO height and the disproportionate number of individuals with choroidal folds are not typical with increased ICP. Future and ongoing studies that include OCT imaging of the posterior segment on the International Space Station will provide additional information on the time course of structural changes that will be important not only for understanding the pathophysiology but also for developing countermeasures. Unusual and unique physiologic and pathologic neuro-ocular findings have been documented in astronauts during and after long-duration spaceflight and collectively have been termed spaceflight-associated neuro-ocular syndrome (SANS). During the past several years, the Space Medicine Division of the US National Aeronautics and Space Administration (NASA) has documented the variable occurrence of SANS in astronauts after flights on the International Space Station. The clinical findings of SANS are variable but include unilateral and bilateral optic disc edema, globe flattening, choroidal and retinal folds, hyperopic refractive error shifts, and nerve fiber layer infarcts (ie, cotton-wool spots). Structural changes correlating with these clinical findings have been documented using terrestrial orbital and intracranial magnetic resonance imaging as well as in-flight and terrestrial orbital ultrasonography and ocular optical coherence tomography (OCT). [1] [2] [3] [4] [5] [6] In this issue of JAMA Ophthalmology, Patel et al 7 report additional interesting morphologic changes of the optic nerve head and the surrounding tissues using preflight and postflight OCT in 15 astronauts after long-duration spaceflight on the International Space Station. The preflight data were compared with those of healthy control individuals with no microgravity exposure. The Bruch membrane opening (BMO) was manually delineated on OCT and used as a reference for all morphologic measures and to calculate the BMO height. Global and quadrant total retinal and retinal nerve fiber layer thicknesses were also calculated. The authors found that the BMO was recessed in preflight astronauts compared with healthy controls and deepened after long-duration spaceflight. In addition, total retinal and circumpapillary retinal nerve fiber layer thicknesses increased. No change in choroid thickness was noted, however. The authors concluded that these findings are similar but not identical to OCT findings in terrestrial papilledema (eg, idiopathic intracranial hypertension). Specifically, deepening of the BMO occurred after long-duration spaceflight as opposed to anterior deformation in papilledema. The authors hypothesized that the change in BMO position might be owing to transient changes in intraocular pressure combined with increased 
